Flowers of Clarkia breweri, an annual plant f" the coastal range of California, emit a strong sweet scent of which S-linalool, an acyclic monoterpene, is a major component. Chromosomal, chemical, and morphological data, and the species' geographic distribution, suggest that C. breweri evolved from an extant nonscented species, C. concinna. A cDNA of Lis, the gene encoding S-linalool synthase, was isolated from C. breweri. We show that in C. breweri, Lis is highly expressed in cells of the transmitting tract of the stigma and style and in the epidermal cells of petals, as well as in stamens, whereas in the nonscented C. concinna, Lis is expressed only in the stigma and at a relatively low level. In both species, changes in protein levels parallel changes in mRNA levels, and changes in enzyme activity levels parallel changes in protein levels. The results indicate that in C. breweri, the expression of Lis has been upregulated and its range enlarged to include cells not expressing this gene in C. concinna. These results show how scent can evolve in a relatively simple way without the evolution of highly specialized "scent glands" and other specialized structures. Lis encodes a protein that is structurally related to the family of proteins termed terpene synthases. The protein encoded by Lis is the first member of this family found to catalyze the formation of an acyclic monoterpene.
INTRODUCTION
For many plants, species-specific floral scent is an important factor in attracting specific pollinators (Dobson, 1993) . The scents of highly evolved flowers, such as orchids, are complex mixtures of volatiles emitted from specialized "scent glands" (Stern et al., 1986) . However, little is known about the initial steps in the evolution of floral scent. The ability to produce scent appears to be a relatively easily acquired trait. In the evening primrose family (Onagraceae), for example, moth-attracting scented species have evolved independently at least four times (MacSwain et al., 1973; Raven, 1979) . Volatiles emitted by flowers encompass many classes of secondary metabolites, of which monoterpenoids constitute a commonly occurring class . However, because little has been known about enzymes and genes controlling scent production in any plant species, an understanding of the molecular mechanisms underlying scent production and the evolution of a scent could not be attempted until now.
We have recently begun to study the scent produced by flowers of Clarkia braveri, an annual plant native to the coastal range of California (Lewis, 1955) . The genus Clarkia, which is subdivided into eight sections, is a member of the evening primrose family and contains 44 species. With the exception To whom corrsspondence should be addressed.
of the moth-pollinated C. breweri(section Eucharidium), all other species of the genus have essentially nonscented flowers that are pollinated mostly by bees (MacSwain et al., 1973) . The flowers of C. breweri, a species believed to have evolved recently from the nonscented C. concinna (the only other member of section Eucharidium), emit a strong, sweet scent consisting of a relatively simple mixture of monoterpenoid and benzoid compounds (Ragus0 and .
Of the terpenoids emitted by C. breweriflowers, a major constituent is S-linalool, an acyclic monoterpene alcohol. S-Linalool is produced in a one-step reaction from geranyl pyrophosphate (GPP), a ubiquitous intermediate in the biosynthesis of a variety of terpenoids, in a reaction catalyzed by the monomeric enzyme S-linalool synthase (LIS) . LIS activity is detected in C. brewerionly in floral tissues. The four petals, which constitute 40% of the total mass of the flower, contain 50 to 70% of the total LIS activity (depending on the particular stage of development), whereas the upper pistil &e., stigma and style), which constitutes 10% of the total mass of the flower, contains as much as 50% of the total LIS activity in the flower (Pichersky et al., 1994) . Some low levels of LIS activity are also detected in stamens, but no activity is found in ovaries or sepals (Pichersky et al., 1994) . LIS activity in stigmata and other flower parts is first detected in late buds, and activity levels for the various floral organs peak during the first 2 days after the flower opens, with a corresponding peak in S-linalool emission (Pichersky et al., 1994 ). Interestingly, a low level of LIS activity (.US0/o of that found in C. breweri stigmata) was detected in the stigmata of C. concinna (Pichersky et al., 1994) .
No specialized scent glands or similar structures have been found in C. breweri (Raguso and Pichersky, 1995) . This is consistent with the observation that the scent is a newly evolved trait in this species, and specialized structures may not have had time to evolve. Whereas our work cited above showed a large increase in, and a wider distribution of, LIS activity in C. breweri flowers as compared with C, concinna flowers, these observations by themselves did not reveal whether such changes were brought about by changes in the level of Lis gene transcription or by changes at subsequent steps controlling gene expression. Nor could it be determined whether all or only some types of cells within a floral organ express the Lis gene. Here, we set out to determine the specific types of cells in the C. breweriflower that express the Lis gene and to identify the specific point(s) of control responsible for the high levels of Lis expression in this species. By comparing the results with those from C. concinna, we may begin to understand the initial steps in the evolution of scent in Clarkia.
RESULTS
lsolation and Characterization of C. breweri Lis cDNA Clones
We described previously the purification of LIS, a monomeric enzyme that catalyzes the conversion of GPP to the floral scent component S-linalool, from flowers of the annual plant species C. breweri . In this study, we determined the amino acid sequence of the first 32 residues from the N terminus as well as the sequence of two interna1 regions of 26 and 15 residues (Figure 1 ). We then employed the amino acid sequence of the N terminus to construct oligonucleotides to amplify a short segment (68 nucleotides) of the Lis coding region, using DNA from a C. breweri flower cDNA library as the target. The amplified fragment was used in turn to screen the same cDNA library. Among the clones that were initially identified, 15 were chosen for further analysis by restriction digests and nucleotide sequence determination.
All 15 clones were found to have the same nucleotide sequence within their overlapping regions. The nucleotide sequence of the longest cDNA, containing 2760 nucleotides, is presented in Figure 1 . Primer extension experiments (data not shown) indicate that this clone is missing only 22 nucleotides from its 5' end. Analysis of the nucleotide sequence around the first ATG codon, at positions 32 to 34, suggests that it is the initiating codon (Lütcke et al., 1987) . The reading frame that begins with this methionine codon has 870 codons, and it ends with a TAA stop codon at positions 2642 to 2644 (Figure 1 ). The experimentally determined sequences of two CCGAGCGACGTTCCTCGTTGGTTCACCATCATGTTCCCGGCGATGCTCGAGCTTGCCGGA 511 
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AATCACTGGGTATCACCATCTlTTlTGTIGGTTMTAGATGACGACGAAATCCGTGAT 1111 The open reading frame of Lis contains eight additional amino acids at the N terminus compared with the N-terminal sequence of the purified protein, indicating either that LIS undergoes a proteolytic processing event in the cell or that cleavage of the protein occurs during the purification procedure. The calculated molecular mass of the precursor protein encoded by the Lis cDNA is 99.7 kD. The molecular weight of the native, monomeric LIS protein was previously determined
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by severa1 methods to be in the range of 73 to 90 kD (Pichersky et al., 1995; L. Cseke and E. Pichersky, unpublished data) .
The discrepancy between the calculated and experimentally determined molecular mass is probably due partly to the eight residues missing from the N terminus and partly to the apparently tight packing of the native protein, which contains 16 cysteine residues. Evidence for internal disulfide bridges in the LIS protein has been described by Pichersky et al. (1995) .
Comparisons of the deduced LIS amino acid sequence with sequences of other terpene synthases revealed a region of high sequence similarity centered around the conserved motif DDXXD (Figure 2A ), which is also found in a related class of enzymes, the prenyl transferases, and is believed to be (A) Alignment of sequences of terpene synthases around the conserved DDXXD motif. The sequence of C. breweri LIS between residues 472 and 570 is aligned with the spearmint 4s-limonene synthase (LMS) sequence between residues 283 to 382 (Colby et al., 1993 ; EMBL accession number L13459), H. muficos vetispiradiens synthase (VES) sequence betwsen residues 238 to 337 (Back and Chappell, 1995 ; EMBL accession number U20187), tobacco 5-epiaristolochene synthase (EAS) sequence between residues 233 to 332 (Facchini and Chappell, 1992 ; EMBL accession number L04680), and R. communis casbene synthase (CAS) sequence between residues 279 to 378 (Mau and West, 1994 ; EMBL accession number L32134). ldentical residues shared between the LIS sequence and any other protein are shown in black boxes with white lettering. (E) Ssgments of C. brewefi LIS from residues 39 to 118 and 226 to 285 aligned with Arabidopsis ent-kaurene synthase A (GAI) segments 114 to 181 and 280 to 328 (Sun and Kamiya, 1994 ; EMBL accession number U11034) and maize ent-kaurene synthase A (Anl) segments 110 to 181 and 281 to 329 (Bensen et al., 1995 ; EMBL accession number L37750).
involved in the binding of the divalent metal cofactor (Tarshis et al., 1994) . The overall sequence identity of this region in the C. brewer; LIS with the spearmint 4S-limonene synthase is 31%; with Hyoscyamus muticus vetispiradiene synthase, it is 34%; with tobacco 5-epiaristolochene synthase, it is 33%; and with Ricinus communis casbene synthase, it is 27%. When conservative substitutions are considered, the overall sequence similarity of LIS with any of these terpene synthases is ^60%. LIS does not share significant sequence similarity with known prenyl transferase sequences.
enf-Kaurene synthase A, an enzyme in the gibberellin pathway that catalyzes the cyclization of a diterpene without the removal of the pyrophosphate group, shows some similarity with other terpene synthases but lacks the DDXXD motif (Sun and Kamiya, 1994; Bensen et al., 1995) . LIS also displays some sequence identity with enf-kaurene synthase A ( Figure 2B ). The two segments with the highest similarity, residues 39 to 118 and 226 to 275 of LIS, show 41 and 51% identity to Arabidopsis enf-kaurene synthase A residues 114 to 181 and 280 to 328, respectively, and 39 and 53% to maize enf-kaurene synthase A residues 110 to 181 and 281 to 329, respectively. Incidentally, the two enf-kaurene A synthases are the only available examples of two sequences of the same terpene synthase from two different species, and in the segments compared above, they show 58 and 71% sequence identity, respectively, with each other.
Tissue-Specific Expression of Lis
To determine tissue specificity of Lis expression, total RNA was isolated from C. brewer/ leaves and floral tissues (sepals, petals, stigma, style, and stamens) of 1-day-old flowers and used in RNA gel blot hybridizations ( Figure 3A) . Lis mRNA was detected in all of these floral tissues, except in the tissue of sepals, but the level of expression was different. The length of the message was estimated to be 3.1 kb, suggesting that the characterized Lis cDNA clone (Figure 1 ), which does not contain a poly(A) tail, is probably also missing 150 to 250 nucleotides from the 3' nontranslated region. (One explanation of this observation is that the cDNA library was made using random oligonucleotides as primers for first-strand DMA synthesis.) Lis mRNA transcript accumulated to high levels in stigmata and styles. It was also present in petals and stamens but at lower levels. No detectable signal was found in leaves. The levels of 18S rRNA served as an internal control for the quantity of total RNA loaded in each lane (Figures 3 and 4) .
We also examined the expression of Lis in 1-day-old flowers of C. concinna, a close relative of C. breweri that does not emit a detectable scent but does contain low levels of LIS enzymatic activity in the stigma (Pichersky et al., 1994) . A weak hybridization signal from a 3.1-kb mRNA was detected by RNA gel blots only in the stigma ( Figure 3B) , and no signals were detected in petals, styles, stamens, or sepals after a 3-day exposure of the autoradiogram. 
Developmental Modulation of Lis Expression
We next analyzed the temporal and spatial accumulation patterns of Lis mRNA in C. breweri floral organs. Total RNA was isolated from petals, stigmata, styles, and stamens of flowers at different times after anthesis (1 to 4 days) and also from buds at stage 5 (1 day before opening) and stage 4 (Pichersky et al., 1994) . Some Lis mRNA was found in pistil (stigma and style) tissue at stage 4 buds (several days before opening), with trace amounts found in petals as well (Figures 4A and 46) . Expression of petal Lis mRNA peaked in buds at stage 5. At this stage, 1 day before anthesis, Lis mRNA levels were approximately three and five times higher in petals than in pistil and stamens, respectively ( Figure 4B ). In open flowers (days 1 to 4 postanthesis), the highest level of Lis expression was found in the stigma with a peak on day 1. During the lifespan of the flower, the Lis gene is also highly expressed in the style. A relatively low transcript level was found in stamens. The maximal level of Lis expression in the style was stable during days 1 and 2, whereas in the other floral tissues Lis transcription dropped off significantly on the second day. For example, in contrast to the high level of LJs mRNA present in petals of stage 5 buds, the amount of Lis transcripts was significantly decreased in day 1 petals and was approximately three times less than that found in petals from buds. Less precipitous declines from the peak on day 1 were observed for the stigmata and stamens. However, despite the gradual decline in the level of Lis mRNA in the stigma, this level was still relatively high on the fourth day, compared with peak levels of all other organs, except petals.
In Situ Localization of Lis Transcripts in Floral Tissues
The spatial distribution of Lis transcripts was examined in C. brewer/ stage 5 buds and in pistils and petals of day 1 flowers by in situ hybridization using Lis sense and antisense RNA probes. In cross-sections of flower buds, it can be seen that Lis mRNA transcripts are concentrated mainly in the secretory zone of the four-lobed stigma and also in epidermal layers of petals ( Figures 5A, 5C , 5E, 5F, and 5H Flower bud cross-sections were hybridized with the Lis antisense probe in (A), (C), (E), (F), and (H) and the sense probe in (B), (D), and (G). Dark-field microscopy was used in (A) to (D), (F), and (G), in which hybridization signals are visible as white dots. Bright-field microscopy of the sections in (C) and (F) are shown in (E) and (H), respectively. The dye used in staining these sections is toluidine blue. 
Longitudinal sections of flower tissues were hybridized with the Lis antisense probe and are shown in (A), (C), (D), (F), (G), (I), (J), and (L) and with the sense probe in (B), (E), (H), and (K). Dark-field microscopy was used in (A), (B), (D), (E), (G), (H), (J)
,
6J, and 6L). No hybridization was detected when sense Us
RNA was used as a probe ( Figures 5B, 5D , and 5G, and 6B, 6E, 6H, and 6K).
Developmental Modulations In the Levels of LIS Protein in Floral Tissue
The levels of LIS protein in C. breweri floral tissues over the developmental period from bud stage 4 to day 5 postanthesis were quantitatively determined by the chemoluminescence protein gel blotting technique. The polyclonal anti-LIS antibodies, prepared against the C-terminal third of the LIS protein expressed in Escherichia coli, recognized two closely migrating proteins with an apparent molecular mass of 84 kD in crude floral extracts separated by SDS-PAGE, and no other protein.
The top protein band has been identified by N-terminal sequencing as LIS . The lower band, which is a minor component in most preparations (Figure 7A ), may be a degradation product, an isozyme, or a different conformer of LIS. Under some conditions (e.g., the presence of urea and DTT in SDS-PAGE), only a single band in protein gel blots was observed (data not shown). The protein blots ( Figure 7A ) and the measurements of the protein concentrations taken from these blots ( Figure 7B ) revealed that stigma and style tissues have the highest levels of LIS protein per gram fresh weight of tissue; this is consistent with previous observations that these tissues have the highest level of LIS enzymatic activity per gram fresh weight of tissue (Pichersky et al., 1994) . The LIS protein levels in these tissues increase during bud development, peak at day 2 of anthesis, and remain relatively high for several days. Petals and filaments have lower levels of LIS per gram fresh weight of tissue, and in these tissues, the protein levels peak on day 1 of anthesis. Anthers exhibit relatively low levels of LIS protein, with a peak 1 day before anthesis. No LIS protein was detected in sepals and leaves (data not shown). 
DlSCUSSlON
Linalool Synthase 1s a Member of the Terpene
Synthase Protein Family
All terpene synthases bind a terpene precursor that contains a pyrophosphate group, whether it be GPP (monoterpene synthases; e.g., limonene synthase), Farnesyl pyrophosphate (sesquiterpene synthases; e.g., vetispiradiene synthase and 5-epiaristolochene synthase), or geranylgeranyl pyrophosphate (diterpene synthases; e.g., casbene synthase). With the exception of LIS, which catalyzes the synthesis of the acyclic monoterpene S-linalml, all terpene synthases whose sequence is currently known catalyze a reaction that results in a cyclic product. ent-Kaurene synthase A is another exception in this group because although it produces a cyclic product, copalyl pyrophosphate, this product still contains the pyrophosphate group, whereas all other products resulting from the catalysis by this group of enzymes-S-linalool, limonene, 5-epiaristolochene, vetispiradiene, and casbene-have lost the pyrophosphate group. Previous investigations have shown that the sequence similarity between different terpene cyclases is not especially high (ranging from 31 to 42%). However, a region that contains the sequence DDXXD has been noted before (Mau and West, 1994; Chappell, 1995; McGarvey and Croteau, 1995) to be more highly conserved in all plant terpene synthases, with the exception of ent-kaurene synthase A. It is difficult to assess the overall sequence similarity between C. breweri LIS and the terpene cyclases because LIS is a much larger protein (870 residues compared with 550 to 600 residues). Our data show that although the amino acid sequence of LIS has low (but statistically significant) overall sequence identity with terpene synthases, several regions show higher levels of identity. In particular, a region of 4 0 0 residues that contains the motif DDXXD shows 27 to 34% sequence identity with the corresponding region in other terpene synthases, and when conservative substitutions are equated, the overall sequence similarity in this region is ~6 0 % (Figure 2A ). Because this region is not conserved in ent-kaurene synthase A, perhaps its significance lies not in the cyclization step but rather in the interaction with and the removal of the pyrophosphate group, possibly mediated by the divalent metal cofactor which the DDXXD motif has been hypothesized to bind (Tarshis et al., 1994; Chappell, 1995; McGarvey and Croteau, 1995) .
Although ent-kaurene synthase A lacks the DDXXD motif and the rest of the conserved region around it, two other segments in this protein show high sequence similarity with LIS ( Figure 28 ). Although the significance of these two segments is not known, they are located close to the N terminus, a region in both LIS and ent-kaurene synthase A that shows no sequence similarity to other terpene cylcases. ent-Kaurene synthase A is, like LIS, a larger protein (ent-kaurene A has 802 residues), and the additional amino acid sequence in these two enzymes, compared with other terpene synthases, appears to have been added to the N-terminal region. In summary, the LIS protein sequence appears to be a composite of sequences found in at least two types of terpene synthases. A more precise delineation of its evolution must await the characterization of additional sequences of terpene synthases.
Emission of S-Linalool from C. breweri Flowers 1s Regulated at the Nucleic Acid Leve1
C. breweri flowers emita strong scent, of which S-linalool and one of its oxides are major components (Raguso and Pichersky, 1995) . We have shown previously that LIS activity is found in several parts of the C. breweri flower, whereas in C. concinna, a scentless close relative from which C. breweri arose (Raguso and Pichersky, 1995) , low levels of LIS activity could only be found in the stigma (3% of that found in the stigma of C. breweri; Pichersky et al., 1994) . The LIS activity levels determined by Pichersky et al. (1994) show strong positive correlation with the level of LIS protein in a given tissue (Figure 7 ), suggesting that differences in LIS activity in different tissues and at different stages of developnient are due primarily to changes in amounts of LIS protein and not to post-translational modification.
The data presented in this report also show that the level of LIS protein is tightly correlated with the steady state levels of Lis mRNA in C. breweri (Figures 4 and 7) . This is also true in C. concinna, where the level of Lis mRNA in the stigma is very low (Figure 36 ) and the amount of LIS protein is so low that it cannot be detected by the protein gel blotting technique (data not shown). In addition, our data show that there is a lag time of 4 day between the peak levels of mRNA and the peak levels of LIS protein in peta1 and stigma tissues but not in styles and anthers.
Nove1 Expression Patterns of Lis in Floral Cells of C. breweri 60th C. concinna and C. breweri show Lis expression in the stigma, suggesting that this is an ancestral condition. It has been shown previously (Pichersky et al., 1994; Raguso and Pichersky, 1995) that the expression of LIS in the stigma of C. breweri leads to the emission of linalml oxides, not S-linalool. Linalool oxides are produced from S-linalool via an additional enzymatic step(s), and they also serve as pollinator attractants in C. bmefi (Raguso and Pichersky, 1995; Raguso et al., 1996) .
However, in C. concinna stigmata, the levels of the S-linalool and linalool oxides produced are very low, and they do not seem to serve to attract pollinators (Raguso et al., 1995) . Thus, the function of Lis expression in the stigma of C. concinna is still obscured. The most significant observation concerning the expression of Lis in C. breweri is that in addition to being upregulated significantly in the stigma compared with C. concinna, Lis is also expressed in other types of floral tissues such as styles, filaments, and petals. Up to 70% of the total LIS activity in the C. breweri flower is found in the petals, which are the major Source of emitted S-linalool (Pichersky et al., 1994; Raguso and Pichersky, 1995 
METHODS
Protein Sequencing
We previously reported the purification of linalool synthase from stig mata of Clarkia breweri flowers . The purified S-linalool synthase protein was subjected to N-terminal sequencing in a protein sequencer (model 477; Applied Biosystems, Foster City, CA). A sequence of 32 residues was determined in this way ( Figure  1 ). In addition, the whole protein was cleaved with cyanogen bromide, the digestion products were subjected to SDS-PAGE, and two additional peptides were isolated and sequenced (Figure 1 ) by using standard protocols.
cDNA Library
Total RNA was isolated from petals and stigmata of 1-day-old C. breweri flowers and from flower buds 1 day before opening (stage 5 buds; Pichersky et al., 1994 ) by using the protocol described by Lewinsohn et al. (1994) . AcDNA library was constructed in the phage vector M a p l l by using poly(A)+ mRNA (Strategene), according to company protocols. 60th poly(T) and random primers were used in first-strand DNA synthesis. The titer of the unamplified library was 1.9 x 106. Polymerase chain reaction was performed on DNA extracted from the cDNA library by using these two oligonucleotides in a previously described protocol (Schwartz et al., 1991) . The anticipated 68-nucleotide fragment was obtained and cloned into the vector pCRll (Invitrogen, San Diego, CA). The complete sequence of the 68-bp fragment was determined to ascertain that the rest of its sequence indeed encoded the experimentally determined amino acid sequence from position 15 to 23. After obtaining a positive result, the cloned 68-bp fragment was excised from the vector and used as a probe to screen the cDNA library. Fifteen cDNA clones were isolated, and their 5'sequence was determined. All proved to have identical sequences within their overlapping regions. The sequence of both strands of the longest clone was determined by the dideoxy chain termination method (Sanger et al., 1977) .
RNA lsolation and RNA Gel Blot Analysis
Total RNA was isolated from 0.1 g of frozen plant tissues by using the RNeasy Plant Total RNA Kit (Qiagen Inc., Chatsworth, CA). The amount of RNA was determined by using a spectrophotometer. RNA samples (2 pg per lane) were size fractionated by electrophoresis under denaturing conditions in vertical urea-agarose gels (Locker, 1979) at 4OC for 5 hr at 20 W and transferred to Hybond N+ membranes (Amersham). A 2.2-kb EcoRl Lis cDNA fragment containing the 5' end of the gene was used as a probe, and hybridizations were performed in 5 x SSPE (1 x SSPE is 0.15 M NaCI, 10 mM sodium phosphate, pH 7.4,O.l mM EDTA), 50% formamide, 5 x Denhardt's solution (1 x Denhardt's solution is 0.020/0 Ficoll, 0.02% PVE 0.02% BSA), and 0.5% SDS at 37°C for at least 18 hr. Membranes were washed once at 37°C
with 5 x SSPE, 0.5% SDS, and twice with 2 x SSPE at 65OC before being exposed to x-ray film. mRNA transcripts were quantified by using a molecular imager system (model GS-363; Bio-Rad). Lis mRNA transcript levels were normalized to 18s rRNA levels to overcome error in RNA quantitation by using spectrophotometry. In addition, all gels contained a standard RNA sample from stigma tissue for equalizing signals among gels.
In Situ Hybridization
Preparation of tissues and hybridization conditions were the same as those described by Drews et al. (1991) , with modifications used by Sakai et al. (1995) . The Lis 35S-labeled sense and antisense mRNA probes were synthesized with T3 and T7 ANA polymerase from an EcoRVor BamHI-linearized pBluescript SK+ vector containing 450 nucleotides of the 3' end of Lis cDNA. Slides were coated with emulsion (NTB-2; Eastman Kodak) and exposed for 2 to 4 weeks at 4OC.
Protein Gel Blots
Crude extracts of C. breweri floral organ tissues (stigma, style, petal, filament, anther, and sepal) were made by macerating each tissue from 15 to 25 individual flowers in a mircocentrifuge tube containing extraction buffer (50 mM Tris, pH 6.9,5 mM sodium bisulfite, 10% glycerol, 1% insoluble PVPP, 2% SDS) in a ratio of 3:l buffer per tissue fresh weight for 1 min by using a hand-held homqenizer. Extracts were made from the last two stages of bud development (stages 4 and 5) and four stages of open flower development (day 1 through day 4). All extracts
